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CORRELATION  OF  PHOSPHOINOSITIDE  HYDROLYSIS  WITH 
EXFLAGELLATION  IN  THE  MALARIA  MICROGAMETOCYTE 

Samuel  K.  Martin*,  Marti  Jettt,  and  Imogene  Schneiderf 

Department  of  Molecular  Pathology.  Walter  Reed  Army  Institute  of  Research  Washington.  DC  20307-5100 

abstract:  Cellular  responses  to  growth  factors,  hormones,  and  other  agonists  have  been  shown  in  many  animal 
cell  systems  to  be  mediated  by  the  signal  transduction  cascade  controlled  by  phospholipase  C.  One  such  response, 
calcium  mobilization,  is  regulated  by  the  concerted  effect  of  several  specific  inositol  (poly)phosphalcs.  Another 
response,  protein  phosphorylation,  is  regulated  by  other  phospholipase  C  (PLC)  hydrolysis  products.  Mature 
gametocytcs  are  specialized  cells  pnmed  for  transformation  into  gametes  immediately  upon  removal  from  the 
vertebrate  bloodstream,  thereby  initiating  the  sexual  cycle  in  a  vector  mosquito.  This  study  showed  that  PLC 
hydrolysis  products,  inositol  (1.4.3)triphosphatc  and  diacylglyccrol.  arc  correlated  with  the  initial  events  of 
flagellar  development:  they  are  implicated  in  synchronizing  this  crucial  transformation  for  the  parasite  and  hence 
the  continued  transmission  of  the  parasite,  which  leads  to  this  debilitating  disease. 


Plasmodium  falciparum  gametocytcs  do  not 
emerge  from  erythrocytes  within  the  blood¬ 
stream  of  a  vertebrate  host,  but  they  rapidly 
transform  into  gametes  soon  after  ingestion  by  a 
vector  mosquito,  and  then  they  combine  to  form 
a  zygote,  initiating  the  sexual  cycle.  Emerged 
macrogamctocytcs  transform  to  a  single  mac¬ 
rogamete,  whereas  the  microgamctocytcs  under¬ 
go  a  striking  phenomenon  called  cxflagellation 
in  which  as  many  as  8  microgamctcs  arc  pro¬ 
duced  and  released  from  a  single  mature  micro- 
gamctocytc.  Although  this  landmark  discovery 
gave  malaria  its  scientific  basis,  it  is  the  asexual 
rather  than  the  sexual  cycle  that  has  generated 
most  of  the  subsequent  research  in  this  field.  The 
reason  for  this  skewed  interest  may  be  attributed 
to  the  fact  that  the  morbidity  and  mortality  as¬ 
sociated  with  plasmodial  infections  are  due  sole¬ 
ly  to  the  asexual  cycle,  as  circulating  gametocytcs 
are  not  known  to  cause  any  symptoms.  However, 
it  is  the  sexual  cycle  with  its  precise  timing  of 
gametogencsis  within  the  midgut  of  a  potential 
vector  that  makes  transmission  of  the  parasite 
possible.  Moreover,  this  cycle  is  equally  vital  from 
an  evolutionary  standpoint  in  that  it  provides 
for  the  possibility  of  gene  recombination  (Wal- 
liker  cl  al.,  1987). 

Some  specialized  mammalian  cells  such  as 
platelets  and  mast  cells  respond  in  a  predeter¬ 
mined  way  to  specific  stimuli.  Thus,  a  responsive 
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cell  living  in  a  complex  environment  with  di¬ 
verse  stimuli  will  respond  in  an  appropriate 
manner  to  a  specific  stimulus.  After  reception  of 
the  extracellular  signal,  a  senes  of  reactions  is  set 
in  place  that  ultimately  activates  the  internal  ma¬ 
chinery  of  the  cell  to  perform  the  biologic  func¬ 
tion.  In  this  manner,  an  external  stimulus  is  linked 
to  a  specific  cellular  response,  i.c..  stimulus  re¬ 
sponse  coupling  (Bcrridgc,  1987;  Putney  and 
Hughes.  1989).  The  implication  of  phospholi¬ 
pase  C-catalyzed  hydrolysis  of  phosphatidylino- 
sitol  4,5-bisphosphatc  in  cell  membrane  signal 
transduction  systems  paved  the  way  for  the  cur¬ 
rent  understanding  of  the  biochemical  reactions 
that  underlie  this  process  (Hokin  and  Hokin. 
1953).  Phosphoinositidc  hydrolysis  has  now  been 
shown  to  be  involved  in  the  timely  induction  of 
several  biological  functions,  c.g..  activation  of 
platelets  (Lapctina.  1988).  mast  cells,  and  leu¬ 
kocytes  (Sadler  and  Badwey.  1 988)  and  secretion 
of  hormones  (Catt  and  Balia.  1989).  but  there  is 
no  published  report  of  such  reactions  occurring 
in  protozoa.  However,  protozoan  parasites  arc 
known  to  engage  in  intricately  coordinated  life 
cycles  during  which  timed  cellular  transforma¬ 
tions  take  place  in  specified  environments  (Tra- 
ger.  1986).  Hence,  discriminatory  signals  must 
exist  in  these  environments  along  with  biochem¬ 
ical  mechanisms  for  coupling  these  signals  to  ap¬ 
propriate  parasite  transformations.  The  mature 
P.  falciparum  gametocytc.  in  particular,  is  a  spe¬ 
cialized  cell  primed  for  transformation  into  ga¬ 
metes  immediately  after  release  from  the  ver¬ 
tebrate  host  and  ingestion  by  the  mosquito  or 
exposure  to  ambient  air.  As  in  responsive  mam¬ 
malian  cells,  phosphoinositidc  hydrolysis  prod¬ 
ucts  may  be  involved  in  synchronizing  this  cru¬ 
cial  parasite  transition.  This  hypothesis  was  tested 
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by  monitoring  the  kinetics  of  the  formation  of 
these  hydrolysis  products  in  stimulated  miero- 
gamctocvtcs  from  cultures  of  the  human  malarial 
parasite. 

MATERIALS  AND  METHODS 

The  NF54  strain  of  /'  t'alaparwn  (Delemarre-Van 
dc  Waal  and  de  Waal.  1981)  was  cultured  using  the 
method  of  Trager  and  Jensen  (1976)  as  modified  bv 
Ifcdiba  and  Vandcrberg  ( 198 1).  Gamctocytes  first  ap¬ 
pear  by  day  3  or  4  and  reach  maturity  and  the  capability 
to  cxflagcllate  (stage  V  of  Hawking  et  al.  |I97I])  be¬ 
tween  days  9  and  14.  Parasitemias,  both  asexual  and 
gamctocytes.  normally  ranged  between  3  and  8%.  Be¬ 
tween  I  and  2  *  lO*  very  early  stage  V  gamctocytes 
were  isolated  on  a  discontinuous  Percoll  gradient 
(Knight  and  Sindcn.  1982).  Less  than  3%  of  the  par¬ 
asites  from  the  gradient  were  ascxuals.  Alter  washing 
3  x  in  the  medium,  ihc  gamctocytes  were  placed  in  3. 
T-75  culture  Masks  with  15  ml  of  medium  (RPMI- 
1640.  supplemented  with  25  mM  HEPES.  50  ug/ml 
hypoxanthinc.  0.2%  sodium  bicarbonate,  and  10%  hu¬ 
man  scrum)  and  100  *iCi  of  ('H|myoinosito|  per  flask. 

After  I  -3  days  (depending  on  the  developmental  stage 
of  the  gamctocytes).  the  gamctocytes  were  removed, 
concentrated  by  centrifugation,  and  supernatant  solu¬ 
tion  was  removed,  and  5  ml  suspended  animation  me¬ 
dium  lacking  bicarbonate  (Carter  and  Nijout.  1977) 
containing  10  mM  Lid  was  immediately  mixed  with 
the  pellet.  The  gamctocytes  were  centrifuged  again  and 
activated  with  complete  medium  containing  25  mM 
NaHCO,.  1  >iM  CaCL,  and  10  mM  LiC'l-  at  pH  8.0. 
One-milliliter  samples  were  taken  at  various  times  in 
the  process  of  cxflageilation  (sec  legend  to  Fig.  I )  from 
30  sec  through  35  mm:  the  reaction  was  stopped  at 
these  times  by  addition  of  100  «d  of  perchloric  acid, 
and  samples  were  frozen  on  dry  ice  (Downes  et  al.. 
1986).  The  perchloric  acid  was  removed  using  freon 
octylaminc  (Downes  et  al..  1986)  and  the  inositol 
(poly)phosphatcs  were  separated  by  high-performance 
liquid  chromatography  (HPLC)  using  a  Whatman  SAX- 
PartiSphcrc  column  with  elution  buyers  of  water  to  1 .4 
M  ammonium  phosphate  essentially  by  the  procedure 
of  Dean  and  Moyer  (1988).  Calibration  of  the  column 
was  achieved  using  inositol  (poly)phosphate  standards 
that  were  purchased  from  E.  I.  Dupont  &  Nemours 
and  Co..  Inc.  (Boston.  Massachusetts). 

The  diacylglyccrol  studies  were  performed  similar  to 
the  method  described  above  except  100  uCi  (’H)glycerol 
were  added  per  flask  in  place  of  ['HJmyomositol.  After 
1-3  days,  the  same  procedure  was  followed.  In  these 


experiments  the  reaction  was  stopped  by  the  addition 
ol  CHCI,  MeOH  (2  1 )  containing  0. 1  M  hydrochloric 
acid  (3  limes  the  reaction  volume)  and  a  Bligh-Dyer 
extraction  ( Bligh  and  Dyer.  19  59)  performed.  The  sam¬ 
ples  were  dried  and  dissolved  in  50  mI  CHCI,.  Ten 
microliters  was  spotted  on  channeled  silica  thin-layer 
chromatography  (TL(')  plates  and  run  using  a  solvent 
designed  to  separate  mono-  and  diacylglycerols  and 
laity  acids  (Chud/ik  and  Stanacev.  1983).  It  consisted 
of  a  solution  of  toluene  ethyl  ether  cthanol/ammoni- 
um  hydroxide  (54.2  43.4  2. 1 7  0.22).  Standards  were 
1.2-diolein.  1.3-diolcin.  l-oleoylglycerol.  2-oleoylgiy- 
ccrol.  arachidonic  acid,  linolcic  acid,  phosphatidylino- 
sitol.  and  phosphatidylcholine.  Those  standards  were 
run  on  the  same  TLC  plate.  The  average  ratio  of  sample 
migration  to  solvent  front  (R,)  for  1.2-diolein  was  0.59. 
No  other  standard  had  a  similar  R,  (mono-olcoyigly- 
ccrol  R,  =  0.32).  The  X-ray  lilm  was  exposed  to  the 
TLC  plates,  the  radioactive  spots  were  scraped.  Fil- 
tercount  solubilizer  and  scintillation  solution  (Packard 
Instrument  Co..  Downers  Cirovc.  Illinois)  were  added, 
and  radioactivity  was  determined  in  a  Packard  Minaxi 
scintillation  counter.  The  results  were  reported  as  dis¬ 
integrations  per  min  (dpm)  at  the  various  stages  of 
cxflageilation. 

RESULTS 

Gamctocytes  cultured  in  the  presence  of 
['H]myoinositol  were  transferred  to  a  suspended 
animation  medium  (Carter  and  Nijout.  1977). 
which  suppressed  emergence  from  the  erythro¬ 
cytes  and  cxflageilation.  Exflagcllation  of  the  mi- 
crogamctocytes  was  initiated  by  removing  them 
from  this  medium  by  centrifugation  and  resus¬ 
pending  them  in  complete  medium  containing 
25  mEq  sodium  bicarbonate  (Carter  and  Nijout. 
1977).  Thereafter,  development  of  flagellae  was 
monitored  under  400  x  phase  contrast  micros¬ 
copy.  Figure  1A  shows  the  kinetics  of  flagellar 
development  in  a  typical  experiment.  The  first 
exllagcllations  usually  occurred  7-12  min  after 
rcsuspcnsion.  The  point  of  maximum  cxflagcl- 
lation  ranged  from  1 4  to  17  min  after  rcsuspcn¬ 
sion:  by  35  min  there  were  no  new  cxflagcila- 
tions.  As  the  process  of  cxflageilation  progressed, 
samples  were  taken  for  HPLC  separation  (Dean 
and  Mover.  1988)  and  quantification  of  radio- 


Figure  1.  Correlation  ol  the  kinetics  of  cxflageilation  with  the  production  of  inositol  (Ins)  (poly)phosphates. 
A.  Exflagcllation  status  after  addition  of  bicarbonate  was  monitored  by  phase  contrast  microscopy  (400*). 
Exflagellation  grades  were  assigned  according  to  the  following  traditional  grading  scheme:  *  I  (l-2/ficld).  *2 
(>4/field).  +3  (>  12/field).  and  -*-4  (  >20Ttcld.  designated  as  maximal  exflagcllation).  B.  ('.  Four  experiments 
were  averaged  to  determine  the  appearance  of  the  following  inositol  (poly)phosphates  produced  upon  addition 
of  bicarbonate:  lns(1.4.5)P,  (mangles).  Ins(4)P  (squares).  Ins(  1.3.4. 5)P/(solid  circles).  lns(l)P  (open  circles), 
glyccrophosphatidvlinositol  4-phosphatc  (solid  bar).  The  elution  time  (min)  of  standard  inositides  appeared  as 
follows  (sec  Fig.  2  for  structures):  lns(  I  )P  (27. 1 ).  lns(4)P(32).  lns(  1 ,3)P.  (57).  Ins(  1 ,4)P.  (60.6).  lns(2.4)P.  (64  8). 
lns(l.3.4)P,  (82).  lns(l.4.5)P,  (88)  lns(  1 .3.4.5)P4  ( 102.3).  CJPI  (13.4).  (iPIP(49).  (iPIP.  (77.4). 
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Figure  2.  Schematic  representation  of  possible  degradahve  pathways  of  Inst  1 .4.5)P,.  Pathway  A  shows  the 
stepwise  degradation  by  phosphatases  of  Inst  1.4. 5)P,.  In  pathway  U.  an  energy-dependent  pathway,  specific 
kinases  produce  the  tctrakisphosphaic  that  is  degraded  eventually  to  Inst  l)P  (Bemdge.  1987.  1988:  Shears. 
1989). 


activity  associated  with  various  inositol 
(poly)phosphates.  The  timing  of  sampling  for 
biochemical  analysis  was  based  on  the  micro¬ 
scopic  evaluation  of  microgamctc  development, 
except  for  the  first  few  samples.  The  first  sample, 
taken  30  sec  after  addition  of  bicarbonate  ion 
buffer,  showed  that  inositol  (1.4.5)triphosphatc 
(Ins(1.4.5]P,)  was  just  being  formed,  whereas  at 
60  sec  its  production  had  soared  and  remained 
high  until  exflagellation  began  (Fig.  1 B).  Samples 
taken  at  maximum  exflagellation  contained  no 
detectable  Ins(1.4.5)P,. 

On  examination  of  the  HPLC  elution  profiles, 
it  became  apparent  that  the  immediate  pathway 
activated  was  degradation  to  inositol  (I.4)bis- 
phosphate(Ins[1.4]P;,)  and  subsequently  inositol 
4-phosphate  (Ins{4]P)  (pathway  A.  Fig.  2).  Ins(4)P 
was  not  detected  at  30  or  60  sec  but  had  reached 


its  maximal  detectable  level  when  the  first  cxtla- 
gcllations  appeared  (Fig.  IB);  minor  amounts 
were  detected  at  maximum  cxflagcllalion.  In 
contrast,  low  levels  of  inositol  ( 1 ,3.4.5)tctrakis- 
phosphatc  (lns[1.3.4,5]P4)  (pathway  B.  Fig.  2) 
were  detected  upon  appearance  of  the  first  exfla- 
gcllations  (Fig.  IB).  Its  production  rose  slightly 
at  17  min  and  reached  its  maximum  at  30  min 
when  exflagellation  had  v  irtually  ceased  (around 
30  min).  The  major  metabolite  produced,  ino¬ 
sitol  I -phosphate  (ins[l]P).  was  detected  in  low 
levels  at  0  time  and  its  production  closely  par¬ 
alleled  cxflagcllation  (Fig.  1C').  One  class  of  me¬ 
tabolite.  glyccrophosphoinositol  (GPI).  the  4-P04 
(GPIP).  and  the  <4.5)bis  P04  (GPIP.).  was  de¬ 
tected  only  at  the  period  of  maximal  cxllagclla- 
tion  (Fig.  I(’). 

Experiments  to  determine  the  products  of  ino- 
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Figure  3.  Production  of  diacylglyccrol  during  cxllagellanon  of  microgamciocvtcs.  Cultures  of  gamctocytcs 
were  prepared  as  desenbed  in  the  Materials  and  Methods  section.  During  the  maturation  step.  |'H]glyccrol  was 
added  instead  of  radioactive  inositol.  Timed  samples  were  taken  as  described  in  ibe  Materials  and  Methods 
section,  and  the  radioactivity  that  coeluted  (TLC)  with  diacylglyccrol  was  determined.  The  results  were  reported 
as  disintegrations  per  min  (dpm)  at  the  various  stages  of  cxllagellaiion  (defined  in  the  legend  to  Fig.  I  A). 


sitol  (poly)phosphatcs  by  cxflagellating  gameto- 
cytes  were  done  4  times.  The  same  pattern  of 
metabolite  production  was  observed  in  each.  Be¬ 
cause  of  differences  in  the  liming  of  maximal 
cxflagellation  (ranging  from  12  to  18  min),  the 
data  are  averaged  to  show  inositol  metabolite 
production  at  the  various  cxflagellation  stages; 
exflagellalion  stage,  not  time  determined  when 
samples  were  taken  for  analysis.  Control  exper¬ 
iments  included  early  stage  V  P.  falciparum  ga- 
metocytes  that  did  not  exflageliate  and  produced 
no  inositol  (poly)phosphatcs  when  subjected  to 
bicarbonate  buffers. 

To  determine  the  kinetics  of  diacylglyceroi 
(DAG)  production,  gametocytes  were  cultured  as 
described  previously  except  that  PHJglycerol  was 
added  during  the  gametocyte  maturation  step. 
As  for  inositol  phosphate  determinations,  sam¬ 


ples  taken  were  based  on  status  of  cxflagellation. 
Figure  3  shows  the  radioactivity  that  cochro¬ 
matographed  (by  TLC)  with  DAG.  There  were 
2  waves  of  DAG  production,  the  first  of  which 
corresponded  with  the  accumulation  of 
ins(l.4.5)P,  (Fig.  IB)  and  the  second  to  the  ac¬ 
cumulation  of!ns(l)P  (Fig.  1C).  At  T  *  0.  both 
Ins(  1  )P  and  DAG  were  present  at  low  levels  and 
were  the  only  metabolites  measured  that  were 
found  to  be  generated  prior  to  stimulation. 

DISCUSSION 

The  first  event  in  exflagellation  is  a  rounding 
up  of  the  crescent-shaped  gamctocytcs  and  the 
emergence  of  the  parasite  from  the  erythrocyte. 
Even  though  the  formation  of  Ins(1.4.5)P,  pre¬ 
ceded  cxflagellation.  high  levels  of  this  com- 
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pound  persisted  into  the  time  of  microgamete 
release.  Hence.  Ins(  i  ,4.5)P,  may  not  only  initiate 
the  early  events  of  rounding  and  emergence  but 
also  may  play  a  role  in  the  later  nuclear  events. 

Exflagellation  normally  occurs  between  7  and 
20  min  after  exposure  to  ambient  air.  probably 
due  to  the  nonsynchrony  of  the  gametoevtes  in 
terms  of  maturity.  This  may  explain  the  rather 
long  period  over  which  lns(  1 .4.5)P,  was  detected 
in  these  cultures  (7  min)  in  contrast  to  3  mm  for 
other  human  cell  culture  systems  (Berridge,  I  ‘>87; 
Dean  and  Moyer.  1988:  Catt  and  Balia.  1989: 
Changya  et  a!.,  1989).  The  formation  of 
Ins(1.4.5)P,  has  been  shown  in  many  systems  to 
be  responsible  for  calcium  mobilization  (Ber- 
ridgc,  1988:  Joseph  and  Williamson.  1989).  Pre¬ 
vious  experiments  with  caffeine  which  elevates 
Ca;'  levels,  showed  that  xanthine  oxidase  in¬ 
hibitors  can  bypass  the  obligate  requirement  tor 
bicarbonate  and  trigger  cxflagcilation  of  micro- 
gametocytcs  of  Plasmodium  i> allinaccum .  an 
avian  parasite  (Martin  et  al„  1978). 

Also  investigated  was  the  enzymatic  pathway 
by  which  lns(1.4,5)P,  was  degraded  by  the  mt- 
crogamctocyte.  Two  possibilities  have  been 
shown  to  exist  (Shears.  1989)  as  summarized  in 
Figure  2.  Using  pathway  A.  Ins(l,4.S)P,  is  de¬ 
graded  by  specific  phosphatases  to  produce 
Ins(l,4)P.;  subsequently  Ins(4)P.  Pathway  B.  an 
energy-dependent  route,  results  in  the  formation 
of  Ins(  1 ,3.4.5)P,.  Other  tetrakisphosphates  have 
been  identified  in  other  systems  (Shears.  1989); 
however.  Ins(I.3.4.5)P,  was  the  only  tctrakis- 
phosphate  detected  in  the  gamctocytc  cultures. 
This  tetrakisphosphate  is  degraded  to  lns(  1 .3.4)P, 
and  then  to  Ins(l)P.  On  examination  of  the  HPLC 
elution  profiles,  it  became  apparent  that  degra¬ 
dation  of  Ins(l,4.5)P<  primarily  proceeded  via 
pathway  A  (appearance  of  Ins[4]P.  Fig.  1 B)  until 
exflagellation  approached  its  maximum,  but  then 
switched  to  pathway  B  (characterized  by 
Ins[l,3,4,5JP,  production.  Fig.  IB),  during  max¬ 
imal  cxflagellation  and  through  the  remainder  of 
the  experiment.  These  observations  suggest  a  role 
for  calcium  mobilization  extending  beyond  the 
initial  stimulation  (which  resulted  in  the  im¬ 
mediate  production  of  Ins[  1 .4.5]P, )  since 
Ins(1.3,4,5)P4  is  thought  to  act  in  synergy  with 
lns(1.4.5)P,  by  transferring  calcium  from  an 
Ins(1.4.5)P, -insensitive  pool  to  a  sensitive  pool 
(Berridge  and  Irvine.  1989:  Changya  etal..  1989) 
and  to  prolong  calcium  mobilization  by  increas¬ 
ing  the  lifespan  of  Ins(l,4.5)P,  (Shears.  1989). 
The  most  abundant  metabolite.  Ins<  1  )P.  docs  not 


make  an>  contribution  to  calcium  mobilization, 
and  its  appearance  mac  be  more  important  as  a 
reflection  of  DA<  J  production.  It  can  arise  from 
a  number  of  parent  compounds  in  addition  to 
lns(  1.3.4. 5)P,.  One  such  example  is  its  release 
by  phospholipase  U  from  phosphatidylinositol. 
rather  than  us  polyphosphates. 

Studies  of  phospholipase  C  specificity  toward 
the  (polv)phosphoinositides  have  shown  that  at 
high  calcium  concentrations,  enzymatic  prefer¬ 
ence  shifts  from  phosphatidylinositol  4.5-bis- 
phosphatc  (PtdlnsP)  to  phosphatidylinositol 
4-phosphate  and  finally  to  phosphatidylinositol 
(Ptdlns) (Wilson  et  al..  1 984).  The  phospholipase 
T-generated  products  from  each  substrate  arc 
lns(  l.4.5)P„  ins<  1.4)P.;  and  Ins(l)P.  respective¬ 
ly.  Only  I  of  those  products.  lns(  1 .4.5)P„  stim¬ 
ulates  calcium  mobilization,  and  its  production 
was  diminishing  by  the  time  exllagellations  be¬ 
gan  (ca.  7  mint.  lns(  1  )P.  a  metabolite  maximally 
produced  between  7  and  35  min.  suggests  that 
the  enzyme  specificity  had  shifted  from  PtdlnsP, 
to  Ptdlns.  Although  DAG  was  a  coproduct  with 
both  Ins(  1 ,4.5)P,  and  Inst  I  )P  (Nishizuka.  1984). 
there  was  ca.  10  times  more  production  of  the 
inactive  Ins(l)P  than  of  calcium  mobilizing 
lns(1.4.5)P,.  Since  DAG  is  a  potent  activator  of 
protein  kinase  C  (PKC).  this  may  mean  that 
phosphorylation  plays  a  predominant  role  during 
the  phase  of  maximal  exflagellation.  Interesting¬ 
ly.  Ins(  I  )P  and  DAG  production  almost  exactly 
paralleled  the  rise  in  exflagellation. 

The  first  peak  of  DAG  production  could  be 
attributed  to  a  combination  of  its  baseline  release 
from  phosphatidylinositol  (along  with  Ins(i|P) 
as  well  as  the  stimulated  release  (concomitantly 
with  lns[  1.4.5)P.)  from  phosphatidylinositol  4.5- 
bisphosphatc.  The  second  peak  of  DAG  pro¬ 
duction.  correlated  with  the  production  oflns(  1  )P. 

The  other  major  inositol  phosphate  metabolite 
detected  was  GPIP-.  Unlike  the  other  inositol 
(poly)phosphate  metabolites,  which  arc  initially 
released  from  phosphoinositidcs  by  phospholi¬ 
pase  C.  this  product  results  from  the  action  of 
phospholipases  A.  and  A,,  which  remove  both 
fatty  acids  from  the  phospholipid  leaving  the 
glycerol  backbone  with  .V/t-3  phosphodicster 
linkage  to  inositol  (or  ns  polyphosphates).  In  3 
experiments  this  product  (and  to  a  lesser  extent, 
glyccrophosphatidylinositol  4-phosphatc)  was 
detected  only  at  the  peak  of  exflagellation.  This 
compound  is  suspected  of  mobilizing  calcium 
from  intracellular  stores,  although  Ogawa  and 
Harafuji  (1989).  using  sarcoplasmic  reticulum. 
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showed  ii  to  he  incapable  of  releasing  intracel¬ 
lular  calcium  m  that  system.  In  addition  to  the 
formation  of  the  CiPIPs.  free  fatty  acids  would 
be  released.  The  Sn-2  fatty  acid  is  frequently 
arachidonic  acid,  and  its  metabolites  are  known 
to  have  far-rcachinge!Fectson  biological  systems. 
Arachidonate  metabolites  may  well  be  as  im¬ 
portant  as  the  other  part  of  the  molecule,  the 
CiPIPs.  whose  role  is  poorly  defined.  The  bio¬ 
logical  function  of  these  signals  cannot  be  dis¬ 
cerned  from  these  experiments  as  no  attempt  was 
made  to  link  them  to  specific  functions. 

The  similarly  of  the  kinetics  of  phosphoino- 
sitide  hydrolysis  products  in  responsive  pias- 
modial  and  mammalian  cells  suggests  that  the 
biochemical  pathways  for  signal  transduction  may 
be  highly  conserved.  Therefore,  the  more  spe¬ 
cialized  falciparum  parasite  could  well  serve 
as  a  model  for  investigating  these  important 
events. 

ACKNOWLEDGMENTS 

Wc  acknowledge  the  excellent  technical  assis¬ 
tance  of  Megan  Dowler.  James  Chon.  BvungSong. 
Jay  Pinto,  and  Michael  Zurer.  Some  of  the  ino¬ 
sitol  (poly)phosphates  used  as  standards  were  a 
gift  of  Nicholas  Dean.  I’niversity  of  Hawaii.  The 
views  of  the  authors  do  not  purport  to  reflect  the 
position  of  the  Department  of  the  Army  or  the 
Department  of  Defense  (Para.  4-3)  AR360-5. 

LITERATURE  CITED 

Berriuge,  M.  J  1987.  Inositol  trisphosphate  .md 
diacylglyeerol:  Two  interacting  second  messen¬ 
gers.  Annual  Review  of  Biochemistry  56:  1  50-141. 
-  1 1>88.  Inositol  and  calcium  signaling.  Pro¬ 
ceedings  of  the  Roval  Sociels  of  London  Series  B 
234:  354-178. 

- ,  and  K.  F.  Irvine.  I ‘>89  Inositol  phosphates 

and  cell  signalling.  Nature  341:  197-205. 

Hugh.  E.  (»..  and  W.  J.  Dyer.  19S9.  A  rapid  method 
of  total  lipid  extraction  and  purification.  (  anadian 
Journal  of  Biochemistry  and  Phvsioiogs  .17:  9|  \~ 
922. 

Carter.  K..  and  M.  \t.  Nuoui.  1977  Control  of 
gamete  formation  (cxllagellalion)  in  malaria  par¬ 
asites.  Science  195:  407-409. 

(  att.  K.  L..  and  T.  Balla.  1489  Phosphoinosiiidc 
metabolism  and  hormone  action.  Annual  Review 
of  Medicine  40:  487-509. 

Changya.  L..  D.  V.  Gallagher.  R.  F.  Irvine.  andO. 
H.  Petersen.  1489.  Inositol  I  3.4.5-ietrakis- 
phosphatesand  inositol  1 .4.5-trisphosphaieact  by 
diircreni  mechanisms  when  controlling  (  a-  in 
mouse  lacrimal  acinar  cells.  FEBS  Letters  251:4.1- 
48. 

(  hudzik.  J..  and  N.  Z.  Stanai  ev  1483.  Phospha- 
lidylinosiiol  movement  between  isolated  micro¬ 


somal  and  mitochondrial  membranes.  Canadian 
Journal  <il 'Biochemistry  61:  1282-1291 

Dean.  N.  M  .  and  J.  I)  Moser.  1988  Metabolism 
ol  inositol  bis-,  tns-.  lelrakis-  and  pcniakis-phos- 
phates  in  till. 3  cells.  Biochemical  Journal  250:441- 
500. 

Delemarre-Van  de  Waal.  H.  A  .  and  F  t  '.  de  W  aal. 
1981.  lien  tweede  paiicm  met  malaria  tropica  op 
naluurhike  wi|/e  \ erkregen  in  Nederland.  Ned- 
crlands  fiidschrifi  Voor  < ienccskunde  125:  375- 
177. 

Downes.  < '.  P.  P  T  Hawkins,  and  R.  F  Irvine. 
I486.  Inositol  1 . 1.4.5-teirakisphosphaie  and  not 
phosphatidylinositol  1.4-bisphosphatc  is  the 
probable  precursor  of  inositol  1 .3.4-iriphosphalc 
in  agonist-stimulated  parotid  gland.  Biochemical 
Journal  238:  501-506. 

Hawking.  F  .  M.  E.  Wilson.  and  K.  (Iammage.  1971. 
F.vidence  for  cyclic  development  and  short-lived 
maturity  in  ihe  gametoewes  of  I'Uismodiunt  la(- 
iiparum.  Transactions  of  the  Rota)  Society  of 
Tropical  Medicine  and  Hygiene  65:  549-556. 

Hokin.  M.  R  .  and  1.  Ii  Hokin.  1451  lin/yme  se¬ 
cretion  and  the  incorporation  ot  P'  into  phos¬ 
pholipids  of  pancreas  slices.  Journal  of  Biological 
Chemistry  203:  467-977 

Ieediha.  T.  and  J.  P  Vandekhekg  1 98 )  Complete 
in  vitro  maturation  ol  riasnux/nmi  tulaparum ga- 
metocyles.  Nature  294:  364-366. 

Joseph.  S.  K...  and  J.  K  W  illiamson.  1989.  Inositol 
polyphosphates  and  intracellular  calcium  release. 
Archives  of  Biochemtstrv  and  Biophysics  273:  I- 
15. 

Knight.  A.,  and  R.  E.  Sinden  1482.  The  purifica¬ 
tion  ofgametocytcs  of  I'lasiiuxhum  lalapamm  and 
/'  v 'flu  ttwcrricnsn  hy  colloidal  silica  (Pcrcoll) 
gradient  centrifugation  fransaettons  of  the  Royal 
Society  of  Tropical  Medicine  and  Hygiene  76:  503- 
504 

l.APttiNA.  Ii  (i  |98X  Inositol  phospholipids  and 
phospholipase  t  m  platelet  receptor  transduction. 
Progress  in  <  Itnical  Biology  Research  283:  449- 
511. 

Mar riN,  S.  K..  1.  II  Miller.  M.  M  Nijiiout.  and  R. 
Career.  |97g  l'lastw>tiiuni  nallinmvuin:  In¬ 
duction  ol  male  gametocy  te  evllagellation  by  phos¬ 
phodiesterase  inhibitors  Experimental  I’arastiol- 
ogy  44:  2.19-242. 

Nishizuka.  V  1984  I  he  role  of  protein  kinase  C  in 
cell  surface  signal  transduction  and  tumor  pro¬ 
motion.  Nature  308:  641-695 

Ogawa.  V..  and  H.  Haraevji.  1 4g9  (  a- release  by 
phosphoinositides  from  sarcoplasmic  reticulum  of 
frog  skeletal  muscle.  Journal  of  Biochemistry  106: 
864-867. 

Putney.  J  \V  .  and  A.  R.  Hughes.  1484.  Inositol 
phosphate  metabolism  and  cellular  signal  trans¬ 
duction.  Advances  in  Experimental  Medicine  and 
Biology  255:  3 ’-48 

Saoler.  K.  L..  and  J.  V  Badwey.  1988.  Second 
messengers  involved  in  superoxide  production  by 
neutrophils.  Hematology  Oncology  Clinics  ol 
North  America  2:  185-200. 

Shears.  B.  1989  Metabolism  ol  the  inositol  phos¬ 
phates  produced  upon  receptor  activation.  Bio¬ 
chemical  Journal  260:  313-124. 


J78  THE  JOURNAL  OF  PARASITOLOGY  VOL  80  NO  3  JUNE  1994 


Tracer.  W.  1986.  Living  together:  The  biology  of 
animal  parasitism.  Plenum  Press.  New  York.  467  p 
- .  and  J.  B.  Jensen.  1976,  Human  malaria  par¬ 
asites  in  continuous  culture.  Science  193:673-675 
Waluicer.  D..  1.  A.  Quakyi.  T.  E.  Wellems.  I'.  ! 
McCutchan,  A.  Szarfman.  W  T  London.  1. 
M.  Corcxiran.  T.  R.  Burkot.  and  R.  Carter. 
1987.  Genetic  analysis  of  the  human  malana  par¬ 


asite  rlasmoiimm  lulapanini  Science  236:  1661- 
1 666. 

Wilson.  I).  B..  T  L.  Bross.  S  I  .  Hofmann,  and  P 
W.  Majerus.  1984.  Hvdrolvsis  of  polyphos¬ 
phoinositides  hv  purified  sheep  seminal  vesicle 
phospholipase  C  en/vmes.  Journal  of  Biological 
Chemistry  259:  1 1718-1 1  ■’24. 


Accesion  For  ^  j 

NTIS  CRA4I 
OTIC  TAB 
Unannounced 
Justification 

a 

□ 

□ 

By  . 

Distribution  / 

Availability  Codes 

Oist 

Avail  and/or 

Special 

* 

